The synergistic effect of lemon seed extract with tert-butylhydroquinone (TBHQ) in soybean oil subjected to thermoxidation by Rancimat was investigated, and the influence of these antioxidants on α-tocopherol degradation in thermoxidized soybean oil. Control, LSE (2,400 mg/kg Lemon Seed Extract), TBHQ (50 mg/kg), Mixture 1 (LSE + 50 mg/kg TBHQ) and Mixture 2 (LSE + 25 mg/kg TBHQ) were subjected to 180°C for 20 h. Samples were taken at time 0, 5, 10, 15 and 20 h intervals and analysed for oxidative stability and α-tocopherol content. LSE and Mixtures 1 and 2 showed the capacity of retarding lipid oxidation when added to soya oil and also contributed to α-tocopherol retention in oil heated at high temperatures. However, Mixtures 1 and 2 added to the oil presented a greater antioxidant power, consequently proving the antioxidants synergistic effect.
Technically, the application of antioxidants is one of the simplest ways towards reducing fat oxidation [1a] . Besides retarding oxidation, these substances also protect carotenoids, vitamins A and D and other unsaturated compounds. Most antioxidants present low stability when exposed to high temperatures. Therefore, it is important to use more stable compounds in order to maintain the best possible conditions during processes such as frying in order to obtain better organoleptic quality and, at the same time, greater stability, thus increasing the lifetime of the oil [2,3a] .
In view of the problems that can be caused due to the consumption of synthetic antioxidants, there is great interest in obtaining and using antioxidants from natural sources, such as citrus fruit seeds and skin [1b] , mushrooms [4a] herbs and spices [1c] . The substances in these natural sources that are able to act as antioxidants are minerals (mainly constituting enzymes), vitamins and phenolic compounds. Technologically, tocopherols, carotenoids, some organic acids, such as citric and ascorbic, and flavonoids are among the most important antioxidants. Citrus fruit extracts, such as those of lemon (Citrus limon) are important sources of phenolic acids (hydroxycinnamic acid) and flavonoids (flavanones and flavonols) [1d] .
Tocopherols are naturally present in the majority of vegetable oils. There are four types of tocopherol: α-, β-, γ-, and δ-tocopherol, where α-tocopherol (vitamin E) is the most abundant in food and the one with the greater biological activity [3b]. The antioxidant activity of tocopherols is mainly due to their capacity of donating phenolic hydrogens to lipidic free radicals, thus inhibiting oxidation. However, the activity of tocopherols in vitro has shown dependancy on many other possible parallel reactions that are drastically affected by its concentration [4b], temperature and light, the type of substratum and other chemical species acting as prooxidants and synergists in the system. According to Frankel [4c], α-tocopherol can act either as an antioxidant or pro-oxidant, but its antioxidant activity, and that of antioxidants in NPC Natural Product Communications general, does not depend only on concentration, but also on the test system, the oxidation time, and the method used to monitor oxidation. In high concentrations, α-tocopherol was shown to promote hydroperoxides formation, but inhibit their decomposition.
Taking such aspects into account, the aim of this study was to evaluate the isolated and synergist effect of lemon seed extract and TBHQ antioxidants in soybean oil subjected to thermoxidation by Rancimat, and to verify the influence of these antioxidants on α-tocopherol naturally present in the soybean oil.
Oxidative stability is a comparative parameter widely used to evaluate the efficiency of antioxidant additions [4d]. Table 1 presents averages of oxidative stability and α-tocopherol content for different treatments and heating times. It was shown that throughout the heating process there was a significant reduction in the induction period for all treatments. It was observed that the oxidative stability of treatments with antioxidant substances differed from the Control at 0 and 5 h, indicating the antioxidant behavior.
From 10 h, the oil with added TBHQ lost its antioxidant action, its stability not differing significantly from the Control. It was also shown that the LSE, Mixture 1 and 2 treatments continued promoting stability to the oil after up to 20 h of thermoxidation. By the end of the process, the 25 and 50 mg/kg concentrations did not differ statistically and, for this reason, the usage of 25 mg/kg is recommended in order to reduce the synthetic antioxidant concentration in soybean oil, under the conditions studied.
Angelo and Jorge [5a] observed that the antioxidant capacity of coriander extract and ascorbyl palmitate increased the induction period of sunflower oil when added together, compared with the application of each antioxidant separately. Similarly, the addition of rosemary extract to soybean oil heated at 180ºC for 10 h increased the efficiency in oil protection [5b] .
In this present study, the results obtained in relation to the oxidative stability indicated that LSE and the antioxidant capacity of Mixtures 1 and 2 were higher when compared with the synthetic antioxidant TBHQ used alone.
A way of monitoring the quality of the heated oil is by determining the concentration of antioxidants in it, especially tocopherols, which are used to prevent lipid oxidation, thus improving stability [3b]. Table 2 shows that α-tocopherol contents in the Control, LSE and TBHQ were reduced at 10 h, while in Mixtures 1 and 2, reduction started from 15 h.
From 0 to 5 h of heating there were no significant differences between the treatments. However, from 10 h, significant differences were detected in α-tocopherol levels. By the end of the thermoxidation process, Mixtures 1 and 2 had the highest levels of α-tocopherol.
In order to evaluate food antioxidants, Decker et al.
[4e] mentioned that the effectiveness of an antioxidant, amongst other factors, can be expressed in terms of the loss or retention percentage after a given time under standardized conditions. In order to facilitate this analysis, the results given in Table 2 are presented as a percentage of residual α-tocopherol in Table 3 .
After 10 h of heating, α-tocopherol degradation presented itself in a non-significant way, in other words, lower than 50%. The content of residual Soybean oil with lemon seed extract under thermoxidation Natural Product Communications Vol. 4 (11) 2009 1555 α-tocopheral for oil with added LSE was higher than that of the Control. However, LSE and Mixtures 1 and 2 showed the higher efficiency in retaining tocopherols in soybean oil.
It could also be observed that, by the end of the heating period, there was an accentuated degradation of α-tocopherol in the Control and TBHQ treatments. However, LSE had α-tocopherol retention of 23.4%; while Mixtures 1 and 2 had values close to 45%. Although Mixtures 1 and 2 had similar α-tocopherol levels, it is recommended that the vegetable oil industries reduce the concentration of the synthetic antioxidant, TBHQ, partially substituting it with natural antioxidants.
Sayago et al.
[3c], when studying the oxidative stability of diverse vegetable oils during temperature increase, concluded that it is directly related to the initial content of tocopherol.
By the end of the thermoxidation period, the values for oxidative stability and α-tocopherol contents presented high positive correlation coefficients (r = 0.9300) for the averages of the treatments used.
Experimental
Lemon seeds: Lemons were obtained in January 2007 from the SE region of São Paulo, in the city of Itajobi, Brazil. The lemons were cut in half, the seeds manually removed and quickly washed in distilled water to remove remaining pulp and soluble sugars. The seeds were dried in a kiln, with forced air circulation, at 45ºC for 24 h to reduce the moisture content to less than 10%. After this, they were stored in plastic containers with screw caps ready for later analysis.
Soya oil:
Refined soybean oil without the addition of synthetic antioxidants (TBHQ and citric acid) was used as was soybean oil processed by Cargill Agrícola S/A, Uberlândia-Minas Gerais.
Lemon seed extract: Dehydrated and crushed lemon seeds (10 g) were stirred with methanol (100 mL) at 25+ 2ºC, for 6 h and, afterwards, the mixture was centrifuged at 3,000 rpm for 10 min. After removal of the supernatant, the residue was re-extracted with methanol, as before. The supernatants were combined and the solvent removed under reduced pressure at 40ºC. From the dried extract, a stock 10% w/w methanol solution was prepared, ready for use for in the soybean oil.
Thermoxidation:
The following underwent thermoxidation tests, replicated twice: i) soybean oil without the addition of either synthetic antioxidants or citric acid (Control); ii) soybean oil with the addition of 2,400 mg/kg of lemon seed extract (SLE); iii) soybean oil with the addition of 50 mg/kg of tertbutylhydroquinone (Danisco S/A) (TBHQ); iv) soybean oil with the addition of 2,400 mg/kg lemon seed extract and 50 mg/kg of TBHQ (Mixture 1); and v) soybean oil with the addition of 2,400 mg/kg of lemon seed extract and 25 mg/kg of TBHQ (Mixture 2). The value of 50 mg/kg of TBHQ is the most common concentration of this antioxidant added to soybean oil.
The experimental trial was conducted on a heated sheet, using 50 mL beakers, each containing a 30 mL sample with a surface/volume relationship of 0.4/cm. The temperature was monitored at 180+5ºC.
The trial was conduced in a discontinuous way. Ten hours of heating were performed every day, and samples were taken at the beginning and after 5, 10, 15 and 20 h. Each sample was placed in an amber bottle, purged with nitrogen and stored at approximately -18ºC until analysed.
Oxidative stability analysis:
Oxidative stability was determined by the method proposed by AOCS Cd 12b-92 [6] using the Rancimat apparatus. That is based on the determination of the electric conductivity of volatile products of degradation. The determination was performed at 100ºC, with an air flow of 20 L/h, using 3 g samples, and a distilled water volume of 60 mL in flasks containing electrodes. In this method, a curve of electric conductivity vs. time is automatically registered throughout the reaction and the test, and the induction period is expressed in h.
α-Tocopherol analysis: For chromatographic analysis of α-tocopherol according to the method of
